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ARTICLE INFO ABSTRACT

Keywords: Besides their obvious role in sex determination and reproduction, oestrogens display a prominent and complex
Leucocytes immunomodulatory role across all vertebrates. To date, our knowledge on the oestrogenic immunomodulation
Oestrogen receptor in non-mammalian species is, however, scarce. In both teleosts and mammals, the direct immunomodulatory
Oestradiol

function of oestrogen is underscored by the presence of multiple oestrogen receptor subtypes in the various

zhf; I:rllls immune cells. For a better understanding of the regulatory processes, we investigated the oestrogen receptor
Hpead-kidney expression in two major lymphoid organs of European sea bass: the head-kidney and the spleen. All oestrogen

Reactive oxygen species receptor subtypes, including nuclear and membrane oestrogen receptors, were present in both immune organs as

Reactive nitrogen species well as in the isolated leucocytes. The same findings have been previously made for the thymus. To determine
the oestrogen responsiveness of the different immune cell populations and to evaluate the importance of non-
genomic and genomic pathways, we assessed the kinetics and the concentration dependent effects of 173-oes-
tradiol on isolated leucocytes from the head-kidney, the spleen and the thymus in vitro. Given the importance of
reactive oxygen species as signalling and defence components in mammalian immune cells, the oxidative burst
capacity, the redox status and the viability of both lymphoid and myeloid cells were measured by flow cyto-
metry. The treatment with 173-oestradiol specifically modulated these parameters depending on (1) the time
kinetic, (2) the concentration of 173-oestradiol, (3) the immune cell population (lymphoid and myeloid cells) as
well as (4) the lymphoid organs from which they originated. The observed in vitro oestrogenic effects as well the
presence of various oestrogen receptor subtypes in the immune cells of sea bass suggest a complex and direct
oestrogenic action via multiple interconnected oestrogen-signalling pathways. Additionally, our study suggests
that the oestrogenic regulation of the sea bass immune function involves a direct and tissue specific modulation
of the immune cell redox biology comprising redox signalling, NADPH-oxidase activity and H,O,-permeability,
thus changing oxidative burst capacity and immature T cell fate because oestrogen impacted thymocyte viabi-
lity. Importantly, immune cells from both primary and secondary lymphoid organs have shown specific in vitro
oestrogen-responsiveness. As established in mammals, oestrogen is likely to be specifically and directly involved
in immature T cell differentiation and mature immunocompetent cell function in sea bass too.

1. Introduction Distinct progenitors and antigen binding receptors determine their
function: innate immune cells express a germline-encoded antigen-

To eliminate pathogenic agents and abnormal cells, vertebrates binding receptor, the so-called pathogen recognition receptors, whereas
have developed in addition to the innate immune system a second line lymphocyte antigen recognition is based on clonally expressed antigen
of defence: the adaptive immune system, also referred to as the specific receptor genes, the elements of which are assembled in various com-
immune system [1,2]. Generally, innate and adaptive components are binations [1,2]. Both types of immune cells are essential for the immune
associated to the myeloid and lymphoid cell lineages, respectively. system, as they have complementary and non-redundant functions.

Abbreviations: E2, 17B-oestradiol; FSC, forward scatter; H,DCFDA, 2’,7’-dichlorodihydrofluorescein diacetate; H,O,, hydrogen peroxide; MFI, mean fluorescent
intensity; NO®, nitric oxide; 0,®", superoxide anion; OH®, hydroxyl radical; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species; RNS, reactive
nitrogen species; SSC, side scatter; Treg, regulatory T cell

* Corresponding author. UMR-I 02 INERIS-URCA-ULH, Unité Stress Environnementaux et Biosurveillance des milieux aquatiques, UFR Sciences et Techniques,
Université Le Havre Normandie, 25 rue Philippe Lebon, 76063, Le Havre, France.

E-mail address: tiphaine.monsinjon@univ-lehavre.fr (T. Monsinjon).

https://doi.org/10.1016/j.£si.2018.11.078

Received 13 September 2018; Received in revised form 23 November 2018; Accepted 30 November 2018
Available online 01 December 2018

1050-4648/ © 2018 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2018.11.078
https://doi.org/10.1016/j.fsi.2018.11.078
mailto:tiphaine.monsinjon@univ-lehavre.fr
https://doi.org/10.1016/j.fsi.2018.11.078
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2018.11.078&domain=pdf

M. Paiola et al.

Indeed, innate immune cells constitute sentinel cells: during an invasion
of pathogenic agents, they rapidly trigger the immune response and
eliminate the pathogenic agent. As a second line of defence, innate
immune cells, and especially antigen-presenting cells, activate lym-
phocytes in secondary lymphoid organs to induce a specific immune
response [3-6].

In many aspects, the innate and adaptive immune system of teleosts
bears resemblance to that of mammals. The adaptive component is
based on two lineages of lymphocytes with distinct functions, the T and
B cells. Basically, T cells coordinate the immune response and eliminate
transformed cells. B cells, on the other hand, are involved in the hu-
moral defence by the secretion of specific and natural (i.e., unspecific)
antibodies [1,7,8]. Immune cells of the innate component, such as
macrophages, mast cells, granulocytes, and dendritic cells are being
retrieved in teleost fish [3,4,9,10]. Moreover, major immune organs
appear to be evolutionarily conserved. The thymus, which is the pri-
mary site of T cell development, and the spleen, a major secondary
lymphoid organ, are present in all vertebrate classes and may, there-
fore, be considered evolutionary ancient immune organs [1,11]. Dif-
ferences exist, however, in the site of myelopoiesis and B cell devel-
opment. In mammals this takes place in the bone marrow, whereas in
teleosts these cells develop in the head-kidney [1,11].

In both, teleosts and mammals, the immune system is tightly
regulated by endocrine signals in conjunction with the reproductive
system [12-15]. This crosstalk has been relatively well characterised in
mammals with respect to the modulation of immune performance and
autoimmune disease severity during pregnancy and menstrual cycles
[16-18]. Notably, the female sex hormone oestrogen has been in-
vestigated for its immunoregulatory function. Indeed, this steroid hor-
mone is well known to modulate innate and adaptive immune cell
function across all vertebrate classes [12-15]. Given the considerable
degree of evolutionary conservation between the immune system of
higher and lower vertebrates as well as the potential key role of oes-
trogen in the reproductive-immune trade-off in vertebrates, one may
even assume the immunomodulary role of oestrogens in fish to have a
similar evolutionary origin than those in mammals [13,19,20]. The
cellular action of oestrogen is mediated through both, genomic and
non-genomic signalling pathways. These pathways either imply the
nuclear oestrogen receptors (Esrs), which belong to the superfamily of
the ligand-dependent transcription factors, or a membrane-associated
oestrogen receptor comprising membrane Esrs and G-protein-coupled
oestrogen receptors (Gpers). A broad and varied expression of these
oestrogen receptors can be found in the immune organs and immune
cells of fish, a situation similar to that observed in mammals
[12,15,21]. The occurrence of both membrane and nuclear oestrogen
receptor isoforms in the immune system suggests that oestrogens are
likely to have complex immunomodulatory roles, both in mammals and
in teleosts. In fact, in mammals, oestrogens have a context-dependent
action on immune cell function, ie. their action depends on multiple
parameters, such as tissue and cell type as well as the oestrogen con-
centrations and the oestrogen receptor subtypes expressed [14,17,22].

Among the innate component, the professional vertebrate phago-
cytes (granulocytes and macrophages) use the production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) as major
means to kill invading microorganisms [3,4]. In phagocytes, for in-
stance, membrane-bound NADPH-oxidase and inducible nitric oxide
(NO®) synthase generate large amounts of superoxide anion (0,®") and
NO®, respectively. This process is commonly referred as oxidative or
respiratory burst [9,23,24]. In macrophages, mitochondrial-derived
ROS also participate in the microbicidal activity [24]. Importantly, the
ROS, but also the NO®, serve as second messengers by activating
transcription factors, protein tyrosine kinases or phosphatases. They
are, therefore, essential to the intracellular signalling pathways
[25-28]. In the mammalian immune system, ROS- and NO-signalling
are particularly important for the differentiation, activation and/or
apoptosis of numerous immune cell types such as T and B cells, but also
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of natural killer cells, dendritic cells, and macrophages [23-25,27].

In the European sea bass, Dicentrarchus labrax, we recently observed
in vivo that 173-oestradiol (E2) inhibited oxidative burst capacity in the
spleen [19]. Based on the expression of various genes implicated in T
cell maturation, the inhibition of oxidative burst was suggested to result
from a stimulation of regulatory T cell (Treg) differentiation and ac-
tivity, similar to the situation observed in mammals [19,22]. By con-
trast, E2 neither had an effect on the oxidative burst capacity, nor on
Treg differentiation in the head-kidney. To test whether the results
obtained in vivo did not derive (1) from a general inability of E2 to
directly modulate head-kidney leucocytes due to the lack of receptor
mediated signalling or (2) from the incapacity of E2 to modulate the
oxidative burst capacity of the head-kidney leucocytes, we investigated
the oestrogen receptor expression in spleen and head-kidney as well as
in their isolated leucocytes. Similar to earlier observations in the
thymus [20], both, membrane and nuclear oestrogen receptors were
found to be expressed in head-kidney as well as in spleen leucocytes.
Based upon this information, we assessed the kinetics and concentra-
tion effects of E2 on the oxidative burst capacity in vitro, as well as the
redox level and the viability of leucocytes from the head-kidney, the
spleen and the thymus.

2. Material and methods
2.1. Animals and sampling

Sea bass (Dicentrarchus labrax) fingerlings from the hatchery at
Gravelines, France, were raised at Aquacaux, Octeville, France, in
1800 L tanks with a continuous flow of filtered and aerated marine
seawater at environmental temperatures. The fish were fed daily ad
libidum with “Turbot label rouge” fish feed (Le Gouessant, Lamballe,
France). All fish were handled in accordance with the European Union
regulations concerning the protection of experimental animals (Dir
2010/63/EU).

Two batches of fish were employed for this study as characterised in
the following: five fish of one-and-a-half-year of age with a total length
of 21.8cm * 2.9 standard deviation (s.d.) and a weight of
97.8g * 10 s.d. (group 1) for molecular biology as well as 15 fish of
two-years of age for the isolation of leucocytes from head-kidney,
spleen and thymus used for in vitro exposures. These fish had a total
length of 25.8 cm *+ 2.9 s.d. and a weight of 252 g + 36 s.d. (group 2).
Although both populations generally consisted of sexually immature
males and females, the gender of some of the older fish (group 2) could
be determined by macroscopic observation, resulting in a sex ratio of
1.5 (F/M). Specimens of group 1 were sacrificed in June 2015 and
specimens of group 2 in November 2016.

The fish were anesthetized with tricaine methanesulfonate (MS 222;
Sigma, St. Louis, USA) in order to measure weight and total length
before sacrificing them by an overdose of MS 222. Following decap-
itation, thymus, head-kidney and spleen were dissected. For PCR ana-
lysis of esr- and gper-isoforms (group 1), one part of the head-kidney
and spleen were directly snap frozen in liquid nitrogen, whereas leu-
cocytes were isolated from the other part and resuspended in lysis
buffer (RLT buffer, RNeasy kit, Qiagen, Hilden, Germany). Both, leu-
cocytes and whole tissue, were equally stored at —80 °C for subsequent
RNA-extraction. For the primary cell cultures (group 2), entire thy-
muses, spleen and head-kidneys were used for leucocyte isolation.

2.2. Leucocyte isolation

All solutions for leucocyte preparation were adjusted to 360 mOsm/
kg. Dissected thymuses, head-kidney and spleen were immersed in cold
Leibovitz medium (L15; Sigma) and forced through a 100 pum cell
strainer. The cell suspension was centrifuged at 1200 g for 5 min at 4 °C.
The supernatant was discarded and the cells were resuspended in L15
and filtered through a 40 pm mesh before loading on a Ficoll gradient
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Fig. 1. Representative Side scatter (SSC)/Forward scatter (FSC) flow cytometric profiles of leucocytes isolated from the head-kidney (HK), spleen (S) and thymus (T).
Lymphoid (Ly) and myeloid (My) cells were analysed separately by gating cell populations according to their size and granularity. A, C and E show profiles of isolated
leucocytes from head-kidney, spleen and thymus in basal condition; B, D show profiles of leucocytes isolated from the head-kidney and spleen in PMA-stimulated

condition.

(Pancoll, PAN™ BIOTECH, Germany) at a density of 1.077 g/mL fol-
lowed by a centrifugation at 400 g for 30 min at 4 °C. The leucocytes
were collected at the interface between the L15 and the Ficoll, washed
and centrifuged twice with L15 at 1200 g for 5min and 4 °C. For PCR-
analyses, erythrocytes were lysed before loading the leucocytes on the
Ficoll gradient in order to ensure cell purity. To this end, cellular so-
lutions were incubated with ammonium chloride-Tris solution for
30minat room temperature under constant stirring. Subsequently,
leucocytes were concentrated by centrifugation at 1200 g for 8 min and
washed once with L15 centrifugation at 1200 g for 5minat 4 °C. For
flow cytometry, this step was not necessary and, therefore, erythrocyte
lysis was omitted for all organs in the exposure experiments. The cells
were stored at 4 °C in L15 overnight before cell exposure.
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2.3. RNA-extraction and polymerase chain reaction

Four biological replicates were performed for each RT-PCR.
Extraction of RNA was conducted using standard procedures as de-
scribed previously [20]. Briefly, total RNA was obtained from whole
tissue utilizing the Tri Reagent (Sigma) by homogenisation in Precellys"
tubes (CK14; Bertin instruments, Montigny-le-Bretonneux, France)
twice for 10 s at 5000 rpm and subsequent centrifugation at 12,000 g for
15minat 4°C to eliminate debris. RNA-extraction from isolated leu-
cocytes was performed with the RNeasy kit (Qiagen) according to the
supplier's instructions. After RNA-extraction, possible DNA-con-
tamination was removed by digestion with the TURBO DNA-free Kit
(Invitrogen-Ambion, Carlsbad, USA) according to the supplier's re-
commendation. RNA-quality was assessed on 1% (w/v) agarose gels
and the yield was quantified with a Nanodrop One (Thermo Fisher
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Fig. 2. Flow cytometric gating strategy to evaluate the effect of 17f3-oestradiol on oxidative burst capacity: A, histogram in the FL1-channel (A = 530 nm) of
unstimulated (pale grey) and stimulated (dark grey) lymphoid and myeloid cells from the head-kidney (HK) and spleen (S). Gates selecting the “oxidative burst

positive cells”,

i.e., the peaks with the highest fluorescence are situated on the right-hand side. B, proportion of oxidative burst positive lymphoid (Ly) and myeloid

(My) cells after 2h, 24 h and 48 h of primary cell culture without treatment (CTR), with 0.00005% ethanol (i.e., solvent control, SC), with 10 nM and with 100 nM

17B-oestradiol. Values are means + standard error of the means;

*, significantly different between the CTR and SC cells at p < 0.05; different letters indicate

statistically significant differences between SC, 10 nM and 100 nM groups at p < 0.05.

Scientific, Waltham, USA). Samples were stored at —80 °C until further
processing.

Reverse transcription and PCR were performed as in Paiola et al.
(2017). The M-MLV Reverse Transcriptase H~ (Promega, Madison,
USA) was incubated with 1 pg of total RNA and an oligo(dT)15 primer
for 10 min at 40 °C, followed by 60 min at 45 °C and 15 min at 70 °C. The
cDNA was stored at —20 °C until performing PCR with oestrogen re-
ceptor subtype specific primers. For esrl, esr2a and gpera, Purple Taq
(Ozyme, Montigny-le-Bretonneux, France) and for esr2b and gperb,
Platinum” Taq DNA Polymerase (Thermo Fisher Scientific) was used
according to Paiola et al. (2017). Negative controls were performed
with DNA free water. The size of the different amplicons was verified on
2% agarose gels.

2.4. Leucocyte exposure

Whole isolated leucocytes were adjusted to 2.5 x 10° cells/mL and
cultured in 96 well plates with 250,000 cells/well in modified L15 with
10% of heat-inactivated foetal bovine serum (Sigma) and 1% of peni-
cillin/streptomycin (Gibco, Thermo Fisher Scientific). Depending on
the condition, isolated leucocytes were cultured in modified L15 at
16 °C without the addition of solvent and E2 (CTR), with solvent alone
(0.00005%, v/v of ethanol) as a solvent control (SC) as well as with
nominal concentrations of 10 nM and 100 nM of E2 (E8875; Sigma) in
0.00005% (v/v) ethanol for 2h, 24h and 48 h. The ethanol was re-
duced to a minimum, as solvents may modulate immune cell para-
meters like oxidative burst capacity [29].

2.5. Flow cytometry

For the measurement of physiological parameters, such as viability,
cell population distribution and ROS-production, the cellular con-
centration was adjusted to 1 X 10° cells/mL at the end of the respective
culture/exposure periods. To this end, modified L15 supplemented with
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the corresponding compound was added and the cells were mixed by
gentle pipetting. From whole leucocyte fraction the flow cytometric
analysis allows the distinction of two leucocyte subpopulations: the
myeloid and lymphoid cells based on their granularity, i.e., their in-
ternal complexity corresponding to the side scatter (SSC) and their size
corresponding to the forward scatter (FSC). According to previous work
[30,31], a population of myeloid cells with larger size (i.e., FSC) and
granularity (i.e., SSC), as well as a population of lymphoid cells being
smaller and less complex were identified (Fig. 1), which allows, after
gating, the analysis of physiological parameters on both myeloid and
lymphoid cells. Each flow cytometric measurement was conducted with
25,000 events in the gate “cells” comprising both cell types. The po-
pulation distribution for each cell type corresponded to the percentage
of events in either of the two gates (“lymphoid cells” and “myeloid
cells”). Lymphoid and myeloid cell mortality was estimated with 50 ug/
mL propidium iodide (Sigma) in obscurity over 10 minat room tem-
perature. The mortality of each subpopulation represents the propor-
tion of lymphoid or myeloid cells with high red fluorescence at a wa-
velength between A = 615 and 620 nm. All samples with a mortality
exceeding 10% were excluded from further analyses. The ROS-levels
and respiratory burst were assessed using 2’,7’-dichlorodihydro-
fluorescein diacetate (H,DCFDA, ThermoFisher) and phorbol 12-myr-
istate 13-acetate (PMA, Sigma) as described by Bado-Nilles et al. (2014)
and Haugland et al. (2014) [33]. H,DCFDA is an unspecific oxidative-
sensitive fluorescent dye, which reacts with both RNS and ROS. It is
commonly used to measure intracellular ROS and oxidative burst ca-
pacity in flow cytometry [34-36]. For stimulation, PMA, which is an
analogue of diacylglycerol and thus an activator of the protein kinase C,
was used to activate the NADPH-oxidase and to provoke oxidative burst
in phagocytes [9,32,37]. The cells were incubated with 5pM of
H,DCFDA for 30 min followed by a stimulation using 2 ug/mL of PMA
for 30 min. The basal level of ROS and RNS combined was established
for each sample by omitting the PMA-stimulation and related to the
fluorescence measured with PMA that derives from ROS only. The
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capacity of oxidative burst was measured for each gate (lymphoid and
myeloid cells) as performed by Peluso et al. (2012) [38] and Rabe-
sandratana et al. (1992) [39]. Four distinct parameters were analysed:
the mean fluorescence intensity (MFI) in the basal condition, the MFI
under stimulated condition, the ROS-level index and the proportion of
oxidative burst positive cells. The ROS-level index is based on the po-
pulation MFI (arbitrary units) and was previously used to evaluate the
oxidative burst capacity [19,32]. The ROS-level index was calculated by
dividing the stimulated cell MFI by the unstimulated cell MFI. To
evaluate the oxidative burst capacity, the proportion of oxidative burst
positive cells was estimated using gates that select “oxidative burst
positive cells” with a high fluorescence intensity at A = 530 nm (Fig. 2),
as previously performed by Haugland et al. (2014) [33]. To quantify the
“oxidative burst positive” cells only, the proportion of gated myeloid/
lymphoid cells in the unstimulated condition was subtracted from the
proportion of “oxidative burst positives” myeloid/lymphoid cells in the
stimulated condition. All flow cytometric measurements and their
corresponding data analyses were carried out with NovoCytes™ (ACEA
Biosciences Inc., San Diego, USA) and NovoExpress® software (ACEA
Biosciences Inc.).

2.6. Statistical analysis

Statistical analyses were conducted with SigmaPlot (version 12.0,
Systat Software Inc., San Jose, USA). The results of flow cytometry are
reported as histograms with means and standard errors (s.e.). Prior to
analyses, outliers were eliminated using the Grubb's outlier test (for
combined data from CTR- and E2-group, ©2017 GraphPad Software
Inc., La Jolla, USA). The datasets were checked for normality and equal
variances using the Shapiro-Wilk test and the Median-Levene's test,
respectively. For comparing gender differences, if normal distribution
and homoscedasticity could be confirmed, one-way analysis of variance
(ANOVA) was used for parametric hypothesis testing; otherwise non-
parametric one-way ANOVA on ranks (Kruskall-Wallis) was conducted.
The immune physiological parameters did not show a significant sex-
dependent effect, thus data from males and females where combined.
Therefore, to compare culture conditions at each incubation time, one-
way repeated measures ANOVA or, alternatively, non-parametric one-
way repeated measurements ANOVA on ranks (Friedman) was con-
ducted. A repeated measurements ANOVA was performed for each re-
lated individual to detect differences between conditions for each in-
cubation time. The ANOVA-test was followed by a Tukey's post-hoc test
and the Kruskall-Wallis test was followed by Dunn's test. The results
were considered significantly different at an a-level of 5% (p < 0.05).
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3. Results
3.1. Polymerase chain reaction

Both, head-kidney and spleen expressed all transcripts of the nu-
clear receptors esrl, esr2a, esr2b (Fig. 3). As for the membrane re-
ceptors, gpera produced a weak band in the spleen, whereas no ex-
pression was detected in the head-kidney. Contrariwise, the gperb
displayed a well detectable level of expression in both organs (Fig. 3).

In the isolated leucocytes from the head-kidney, the transcripts of
esr1 and gperb were well detected. For esr2a and esr2b, a weak band was
visible in all samples. No amplification for gpera could be observed for
the majority of the fish. The spleen leucocytes produced well-defined
esrl-and esr2a-amplicons. By contrast, esr2b-amplicons were well re-
presented in half of the fish only, but barely detectable in the other
specimens and these interindividual differences were not correlated
with the sex of the fish. Furthermore, gperb-amplification resulted in a
weak, but well detectable band, whereas gpera-transcripts produced
merely very weak bands.

3.2. Effect of E2 on immune cell parameters

Despite the reduced amount of solvent, we observed minor, yet
statistically significant effects on the measured immune parameters
when comparing non-treated cells to the solvent controls. Indeed,
ethanol increased the respiratory burst capacity and ROS-level index of
leucocytes isolated from the head-kidney (Figs. 2 and 4). It also slightly
modulated the leucocyte mortality (Fig. 6) and decreased the propor-
tion of macrophages (Fig. 7). Therefore, effects of E2 on the various
immune cell parameters were assessed by comparing the E2-exposure
to the solvent control only.

3.2.1. Redox status and oxidative burst capacity

3.2.1.1. Two hours of E2-exposure. In the head-kidney, the E2-treatment
at 10nM significantly decreased the proportion of oxidative burst
positive cells (Fig. 2) from 10.1% * 1.55 s.e. to 5.42% =+ 0.98 s.e.
for lymphoid cells (p < 0.001) and from 56.5% = 3.86 s.e. to
48.2% * 3.05 s.e. for myeloid cells (p < 0.001). At 100nM, E2-
treatment also decreased the proportion of oxidative burst positive
cells from 10.1% = 1.55 s.e. to 6.84% = 1.38 s.e. in lymphoid cells
(p < 0.001) and 56.5% = 3.86 s.e. to 53.7% = 4.11 s.e. for myeloid
cells. The latter was, however, not statistically significant (p = 0.161).
Considering the ROS-level indices (Fig. 4), they were significantly
decreased by the E2-treatment at 10nM from 62.2 + 9.7 s.e. to
289 + 35 s.e. (p < 0.001) for lymphoid cells, and from
430.0 = 60.6 s.e. to 331.0 = 39.8 s.e. (p = 0.046) for myeloid cells,
as shown in Fig. 4. At 100 nM the treatment equally decreased the ROS-
level index of the lymphocytes from 62.2 + 9.7 s.e. to 47.4 = 7.6 s.e.
(p = 0.025), but had no effect on myeloid cells of the head-kidney

Whole

Whole
Spleen

Leucocytes
of the HK

Leucocytes
of the S

Fig. 3. PCR-amplicons of the oestrogen receptors esrl, esr2a, esr2b, gpera and gperb in whole tissue extracts of head-kidney (HK) and spleen (S) as well as in isolated

leucocytes from the respective organs.
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Fig. 4. Basal ROS-level (w/out, without PMA) and PMA-stimulated ROS-level (w/, with PMA) and ROS-level index (basal ROS-level divided by the stimulated ROS-
level) of leucocytes isolated from the head-kidney (HK), the spleen (S) measured in lymphoid (Ly) and myeloid (My) cells after 2h, 24 h and 48h of primary cell
culture without treatment (CTR), with 0.00005% ethanol (i.e., solvent control, SC), with 10 nM and 100 nM 17f-oestradiol. MFI, mean fluorescence index (for details
see text). Values are means + standard error of the means; *, significantly different between the CTR and SC cells at p < 0.05; different letters indicate significant

differences between SC, 10 nM and 100 nM groups at p < 0.05.

(p = 0.997). The diminished ROS-level index is likely to be due to a
significant, E2-mediated decrease of PMA-stimulated ROS-levels
(Fig. 4) at 10nM (from 153,299 * 20,462 s.e. to 67,327 = 10,993
s.e., p < 0.001 for the lymphoid cells and from 2,974,950 = 287,733
s.e. t0 2,074,639 = 164,368 s.e.p < 0.05 for the myeloid cells) and at
100nM (from 153,299 + 20,462 s.e. to 106,737 = 14,567 s.e.,
p < 0.001 for the lymphoid cells only). E2 did, however, not
significantly modulate the basal ROS/RNS-level in both leucocyte
populations of the head-kidney (Fig. 4).

In the spleen, E2 did not significantly affect the proportion of oxi-
dative burst positive cells or the ROS-level indices (Figs. 2 and 4).
However, 10 nM E2, but not 100 nM, significantly decreased the basal
ROS/RNS-level of the myeloid cells (from 14,639 + 1,053 s.e. to
10,561 * 1,146 s.e., p = 0.009); no such effect was observed in lym-
phoid cells (Fig. 4). Considering the stimulated ROS-level (Fig. 4), E2 at
100 nM had a significant effect on the myeloid cells only, in which it
decreased the MFI from 511,711 *+ 55,094 s.e. to 403,690 = 48,028
s.e. (p = 0.008).

In the thymus, E2-exposure did not significantly modulate the basal
ROS/RNS-level of leucocytes (Fig. 5).

3.2.1.2. Twenty-four hours of E2-exposure. In the head-kidney, the E2-
treatment decreased the proportion of oxidative burst positive myeloid
cells at 10nM from 47.2% * 3.72 s.e. to 40.0% = 2.89 s.e.
(p < 0.05), but had no effect on the lymphoid cells (Fig. 4). The
higher E2-concentration of 100 nM had no effect, neither on myeloid
nor on lymphoid cells (Fig. 2). The ROS-level indices were significantly
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decreased by the E2-treatment at 10 and 100 nM (Fig. 4), both for the
lymphoid cells (from 6.0 + 0.5s.e.to 4.1 + 0.3s.e.,p = 0.023 and to
4.4 = 0.6s.e., p = 0.029; respectively) as well as for the myeloid cells
(from 20.7 = 2.8 s.e. to 82 + 1.1 s.e. and to 8.1 * 1.4 s.e.,
p < 0.001 for both concentrations). In contrast to 2h of E2-exposure,
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a significant increase of the basal ROS/RNS-level in both leucocyte
populations was observed (lymphoid cells: from 4,240 + 495 s.e. to
6,827 + 794 s.e. (10nM) and to 6,162 = 535 s.e. (100 nM); myeloid
cells: from 85,005 = 13,191 s.e. to 150,281 + 22,645 s.e. (10 nM)
and to 155,601 + 22,284 s.e. (100nM), p < 0.001 for both cell types
and both concentrations). The stimulated ROS-level, however,
remained unchanged.

In the spleen, the E2-treatments had no significant effect on the
proportion of oxidative burst positive myeloid cells (Fig. 2). The ROS-
level index of lymphoid cells was significantly increased by E2 at
100nM (from 3.27 + 0.28 s.e. to 9.54 = 2.25 s.e.;; p < 0.05), but
remained unchanged at 10 nM (Fig. 4). For the myeloid cells, however,
E2 significantly decreased the ROS-level index at both concentrations
(from 15.6 + 2.5s.e.to 4.5 = 1.1 s.e,, p < 0.001, at 10nM, and to
8.0 = 0.8 s.e.,, p = 0.012, at 100 nM). Furthermore, E2 significantly
increased the basal ROS/RNS-level of myeloid cells at both concentra-
tions (from 82,855 + 12,454 s.e. to 145,616 *= 19,987 s.e.,p = 0.004
for 10nM and to 149,968 + 21,355 s.e., p = 0.006 for 100 nM). Al-
though no effect occurred at 10 nM, 100 nM E2 tended to increase the
basal ROS-level of lymphoid cells (from 2,035 + 290 s.e. to
2,814 = 431 s.e., for 100 nM) without this difference being statisti-
cally significant. At 100 nM, E2-treatment tended to increase stimulated
ROS-levels of lymphoid cells, from 6,358 + 824 s.e. to 7,433 *= 1,068
s.e., whereas no effect occurred at 10 nM (6,925 = 988 s.e.). In mye-
loid cells, 10nM and 100nM of E2 had no significant effect on the
basal-ROS.

In the thymus, 100 nM E2 slightly, but significantly increased the
basal ROS/RNS-level in the lymphocytes (from 499.9 + 22.5 s.e. to
553.4 + 21.6s.e,,p < 0.001), but had no effect at 10 nM (Fig. 5). No
effect on myeloid cells was observed.

3.2.1.3. Forty-eight hours of E2-exposure. In the head-kidney, E2
significantly decreased the proportion of oxidative burst positive
myeloid cells from 41.4% = 3.62 s.e. to 28.7% * 2.62 s.e.
(p < 0.05) but had no effect at 100nM (Fig. 2). Lymphoid cells
remained unaffected by 10 and 100nM E2 at this time point.
Correspondingly, E2 significantly decreased the ROS-level indices of
myeloid cells at both concentrations (from 7.4 * 1.2s.e.to 4.1 = 0.6
s.e.,p < 0.001 for 10nM and to 3.2 = 0.5s.e.,p = 0.013 for 100 nM),
but did not affect the lymphoid cells (Fig. 4). The stimulated ROS-level
of myeloid cells was significantly decreased by E2, although at 10 nM
only (from 1,114,941 *= 125,334 s.e. to 747,460 + 87,226 s.e.,
p < 0.001).

In the spleen, E2 had neither any significant effect on the respiratory
burst capacity, nor on the ROS-level index of myeloid cells, or their
basal ROS/RNS-levels at 48 h (Figs. 2 and 4). However, E2 at 10 nM
significantly decreased the stimulated ROS-level of the myeloid cells
(from 859,273 + 105,905 s.e. to 578,953 + 73,045 s.e., p = 0.039),
but it had no effect at 100 nM.

In the thymus, 10 nM E2 significantly decreased the basal ROS/RNS-
level in lymphoid cells from 953.1 + 163.5 s.e. to 752.4 + 99.5 s.e.
and myeloid cells from 1,055.5 + 188.3 s.e. to 837.8 = 114.5 s.e.
(p < 0.05 for both cell types) but had no significant effect at 100 nM
(Fig. 5).

3.2.2. Leucocyte distribution and mortality

In both, the head-kidney and the spleen, E2-exposure at either
concentration had no significant effect on leucocyte mortality and
distribution (Figs. 6 and 7).

On the contrary, E2 significantly increased the mortality of lym-
phoid cells at 10 nM after 48 h in the thymus (from 2.07% =* 0.25 s.e.
to 2.88% = 0.26 s.e.,, p = 0.006). It had, however no effect on the
myeloid cells (Fig. 6). The higher concentration of 100 nM E2 left the
mortality of either cell type unaffected, but slightly decreased the
proportion of lymphoid cells (Fig. 6) after 24h and after 48h (from
70.57% =+ 2.31 s.e. to 69.01% * 2.07 s.e.,, p < 0.05 and from
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Fig. 6. Mortality of isolated leucocytes (i.e., proportion of propidium iodide (PI)
positive cells) from head-kidney (HK), spleen (S) and thymus (T) after 2h, 24h
and 48 h of culture without treatment (CTR), with 0.0005%o ethanol (i.e., sol-
vent control, SC), with 10 nM and 100 nM 17(-oestradiol. *, significantly dif-
ferent between the CTR and SC cells at p < 0.05; different letters indicate
statistically significant differences between SC, 10nM and 100 nM groups at
p < 0.05.

64.01% =+ 2.45 s.e. to 63.19% + 2.79 s.e., p = 0.006, respectively),
resulting in an increased proportion of myeloid cells after 48 h of E2-
exposure at 100 nM (from 27.4% * 2.12 s.e. to 29.4% = 0.02 s.e.
p = 0.009).

4. Discussion
4.1. Signalling pathway of oestrogen in immune cells

4.1.1. Oestrogen receptor expression

Oestrogen receptors appear to be widely expressed at the transcript
level in primary and secondary lymphoid organs of the European sea
bass. All Esrs and Gperb were expressed in whole head-kidney and
spleen as well as in the isolated leucocytes from these organs. This
distribution is similar to the situation in another major lymphoid organ
of sea bass, the thymus and the leucocytes isolated from the thymus,
where the Esrs are strongly expressed [20]. Our results corroborate
findings from other teleost species. Indeed, the expression of oestrogen
receptors by various immune cells and immune organs has been re-
ported for both, teleosts and mammals [40-43]. Importantly, our re-
sults indicate that E2 is able to directly modulate the immune cells of
the head-kidney, the spleen and the thymus of sea bass by acting via
genomic and non-genomic signalling pathways.
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Fig. 7. Distribution of leucocytes derived from the head-kidney (HK), spleen (S) and thymus (T) after 2h, 24 h and 48 h of culture without treatment (CTR), with
0.0005% ethanol (i.e., solvent control, SC), with 10 nM and 100 nM 17f-oestradiol. The leucocyte distribution represents the percentage of events in the gates of
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4.1.2. Non-genomic vs. genomic action

The rapid (2h) changes in oxidative burst, basal ROS/RNS- and
stimulated ROS-levels observed in vitro underscore the presumption of
an E2-mediated regulation of immune cell activity in sea bass through
membrane-associated oestrogen receptors in the head-kidney and the
spleen. Such rapid E2-signalling is in line with findings in other teleosts
and in mammals, where E2 has been described to modulate the re-
spiratory burst of granulocytes and macrophages by acting on GPER
[40,42,43]. In mammals, E2 also stimulates NO-production in human
granulocytes and macrophages via non-genomic pathways [17]. As for
lymphoid cells, oestrogen initiated a rapid cytosolic signalisation cas-
cade, which resulted in the stimulation of T and B cell proliferation in
mice [44,45]. Furthermore, as ROS- and Ca®*-signalling are tightly
linked with each other [46], it is possible that E2 also exerts a non-
genomic regulation via changes in Ca®*-fluxes, which further alter
ROS-production. In addition, 24 h of E2-exposure increased the basal
ROS/RNS-level in head-kidney leucocytes and in myeloid cells of the
spleen. These late effects suggest that E2 modulates ROS/RNS-produc-
tion and availability in lymphoid and myeloid cells of sea bass also via
genomic signalling pathways. In fact, the modulation of ROS/RNS-le-
vels in immune cells can result from an E2-mediated regulation of genes
coding for anti-oxidant enzymes or for NO-synthase and NADPH-oxi-
dase, as observed in mammals [17,47,48]. Accordingly, 6 h and 24 h in
vitro exposure of red common carp macrophages to bisphenol A and S -
two oestrogen agonists — modulates cytokine gene expression, esrl-ex-
pression as well as total ROS/RNS-level by modulating NO-synthase
activity and total antioxidant capacity [49,50] by activating ESR-
pathways [50].

4.2. Immunomodulatory action of oestrogen through specific regulation of
redox biology

In the present work, E2-exposure resulted in opposed and transient
effects on the basal ROS/RNS-level, in the different immune cell po-
pulations on the one hand, and at the different time points on the other
hand. Indeed 2h of E2-exposure transiently decreased the basal ROS/
RNS-level of the splenic myeloid cells only and 24 h of E2-exposure
transiently increased the ROS/RNS-levels in lymphoid cells of head-
kidney and thymus as well as in myeloid cells of head-kidney and
spleen. Our results are in line with those of Yang et al. (2015), who
observed that 6h and 24h exposure to bisphenol A transiently in-
creased total ROS/RNS-level of red common carp macrophages by ac-
tivating ESR-pathways. In fact, these authors did neither observe any
significant effects after 48 h of exposure, nor when using the ESR-an-
tagonist ICI 182 780. In mammals, E2-mediated regulation of immune
cells implies a modulation of the ROS/RNS-production and availability
[17,47,48,51]. These ROS/RNS are involved in the differentiation, the
apoptosis and the activity of various mammalian immune -cells
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including lymphoid and myeloid cells [23-27]. Accordingly, our results
suggest that in sea bass E2 directly and specifically modulates both
lymphoid and myeloid cell activity/differentiation via a tight regulation
of their redox biology comprising specific ROS/RNS-signalling as well
as H,0»-permeability and NADPH-activation as described in the fol-
lowing sections.

4.2.1. Redox signalling in thymocyte and myeloid cell differentiation

In the thymus, 24h of E2-exposure increased ROS/RNS-level in
lymphoid cells, which is followed by an increase in mortality at 48 h as
well as a decrease in the proportion of thymic lymphoid cells. Assuming
that sea bass thymic leucocytes are mainly composed of T cells [52,53],
this suggests that E2 stimulates immature T cell apoptosis by increasing
ROS-levels. Indeed, oestradiol benzoate-injection has been reported to
increase the number of degenerating lymphocytes in Masu salmon [54],
which corroborates our interpretation. Similar observations have also
been made in mammals, in which ROS are known to trigger the ex-
trinsic or intrinsic pathway of T cell-apoptosis [23,24]. Furthermore, E2
was found to induce immature T cell apoptosis in vivo in mice [55,56].
Similarly, in vitro exposure of mice thymocytes to diethylstilbestrol — an
oestrogen agonist — promoted programmed cell death [57]. Our inter-
pretation that oestrogen modulates myeloid cell activity by promoting
ROS/RNS-signalling also agrees with previous observations in mam-
mals and teleosts, where E2 modulated the function of myeloid cells
such as macrophages and granulocytes, both in vitro and in vivo
[15,40,42,43,58]. In mammals, E2-signalling is also important for
dendritic cell-differentiation and function [58,59]. Accordingly, Yang
et al. (2013) and Qiu et al. (2018) observed that, in addition to mod-
ulate ROS/RNS-level, Bisphenol A- and S-exposure decreased anti-
bacterial activity and cytokine expression of red common carp macro-
phages.

4.2.2. Lymphoid cell differentiation and H,0x-facilitated diffusion

Taking a closer look at the oxidative burst positive cells by em-
ploying appropriate cell gating revealed that a small fraction of lym-
phoid cells in the head-kidney (Fig. 2, Ly-HK) apparently displayed
oxidative burst capacity. Indeed, mammalian and teleost B lymphocytes
can display innate immune cell-like properties, such as antimicrobial,
phagocytic and oxidative burst capacities [4,60,61]. No such popula-
tion with oxidative burst capacity could be observed in the spleen
(Fig. 2, Ly-S). Nonetheless, we detected that PMA increased the MFI of
both lymphoid and myeloid cells of the spleen. This observation cor-
responds to earlier findings by Rabesandratana et al. (1992) [39].
Moreover, van Reyk et al. (2001) [62] observed that the intracellular
increase of ROS-level in T cells arose from myeloid cells. In neutrophils,
PMA stimulates both, the intracellular (inside granules) and the extra-
cellular production of 0,® [37]. In other phagocytes as well as in B
cells devoid of granules that are capable of generating intracellular 0,®
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, PMA is likely to stimulate extracellular O,® only. The excreted 0,®" is
spontaneously converted into H,O, [37]. Although H,O, poorly dif-
fuses across bilayer membranes, it can enter the cells by facilitated
diffusion through aquaporins [63]. Interestingly, aquaporins and ex-
tracellular H,O,-uptake are both involved in phagocyte function as well
as B and T lymphocyte activation, differentiation and migration
[64-68]. It is, therefore, conceivable that the observed increase in ROS-
levels of stimulated leucocytes result from extracellular H,O, produced
by the phagocytes, which enters the cells by facilitated diffusion. The
fact that exogenous catalase inhibits the oxidative burst capacity may
corroborate this interpretation [69]. Consequently, the significant in-
crease of the ROS-level index observed after 24h of 100 nM E2-ex-
posure in lymphoid cells from the spleen would not result from a sti-
mulation of the oxidative burst capacity, but rather derive from an E2-
mediated increase of H,O»-diffusion through the plasmatic membrane.
In fact, the basal ROS-level as well as the oxidative burst capacity of
myeloid cells remained unaltered by E2 at this time point and con-
centration, thus substantiating this explanation. Consequently, the E2-
mediated increase of the ROS-level index in the lymphoid cells of the
spleen at 24 h suggests an E2 stimulated aquaporin-expression by in-
ducing lymphocyte activation and differentiation [64,66]. That E2 in-
deed promotes lymphocyte differentiation is suggested by the time
point (24 h) at which the stimulation occurs. Moreover, observations in
fish and mammalian T and B lymphocytes after oestrogen exposure
[17,19,70] corroborate this interpretation. Indeed, Rodenas et al.
(2017a), for instance, found a boost in B lymphocyte-differentiation
and activity (antibody production) following in vivo-exposure to ethi-
nylestradiol and G-1, a GPER-specific agonist. Moreover, E2 also en-
hances peripheral B cell differentiation and activity in the mammalian
spleen [17,58,71].

4.2.3. Oxidative burst capacity and NADPH-oxidase activation

Exposure to E2 at 10 nM for 2 h significantly inhibited the oxidative
burst capacity and resulted in a decrease of the stimulated ROS-level.
The former was only observed in head-kidney leucocytes, the latter also
occurred in the myeloid cells of the spleen at 2 h of exposure, but to a
far lesser extent and only at the highest E2-levels. These observations
suggest that, in sea bass, E2 rapidly inhibited PMA-mediated activation
of ROS-production, i.e., NADPH-oxidase activation. This effect on the
oxidative burst capacity was still significant after 24h and 48h of
treatment, but only at 10 nM and only in the myeloid cells of the head-
kidney. In agreement Cabas et al. 2012 and Liarte et al. 2011 observed
that in vitro E2-exposure inhibited VaDNA-stimulated oxidative burst
[72,73]. Although this appears to contradict the results of numerous
other studies, which describe a stimulation of the respiratory burst by
E2 [32,40,43,74], the results are not readily comparable. The numerous
studies differ in their experimental design and in the culture conditions
for the most part. Cells were obtained from different species at different
seasons and various degrees of sexual maturation. Most importantly,
however, the assessment of ROS-levels differed across the studies. No-
tably the ROS-sensitive probes measuring intracellular and/or extra-
cellular ROS are quite diverse [75]. The same holds true for the time-
kinetics [40]. Furthermore, the normalisation method can lead to very
different conclusions. In fact, the measure of oxidative burst capacity
based on the ROS-level index may be biased if E2 affects the basal RNS/
ROS-level: in the case of an E2-mediated increase of the basal RNS/
ROS-level, the overall respiratory burst index decreases, whereas a
decrease of the basal RNS/ROS-level would result in an over-estimation
of the respiratory burst index. This may be exemplified by the results
for the splenocytes after 24 h of exposure, which result in a decrease of
the ROS-level indices without a noticeable effect on the proportions of
oxidative burst positive cells. Such changes in the basal values are,
however, not reported very often, even if the intracellular level of ROS
is measured. This makes it difficult to evaluate the parameters that
affect the respiratory burst index, in the first place. To validate the
method employed in the present work, we reassessed published data
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obtained after exposure of sea bass to E2 in vivo [19]. The experience
from this earlier study showed that intraperitoneal E2-injections over
one week significantly decreased the proportion of both oxidative burst
positive myeloid and lymphoid cells in the spleen. When using ROS-
level indices based on the ratio of stimulated and basal RNS/ROS-levels,
however, E2-treatment had a significant inhibitory effect only on the
lymphoid cells, but not myeloid cells. Hence, this method allows for a
more accurate and differentiated analysis.

5. Conclusion

The presence of oestrogen receptors in immune cells as well as the
results from the in vitro E2-exposure of leucocytes isolated from the
head-kidney, the spleen and the thymus clearly indicated that E2 di-
rectly and specifically modulates ROS/RNS-production and signalling
in leucocytes from primary and secondary lymphoid organs. The pre-
sence of both, nuclear and membrane oestrogen receptors, points to E2-
signalling via genomic and non-genomic pathways. These two major
signalling pathways are reflected by short-term (2h) and later
(24 h-48h) ROS/RNS-responses of the leucocytes. Both types of re-
ceptors, present as multiple isoforms in the investigated immune cells,
are likely responsible for complex and context-dependent im-
munomodulatory functions of E2, depending on the E2-concentration,
the time kinetics, the lymphoid organs, the leucocyte population and
their developmental stage. Hence this study confirms variability in
oestrogenic immune cell responsiveness for fish. Importantly, our study
suggests that the situation- and concentration-dependent
munomodulatory action of oestrogen is mediated by a tight and direct
regulation of the redox status in immune cells including ROS/RNS-
signalling, NADPH-oxidase activity and H,O,-permeability.

Additionally, our results indicate that, in sea bass, the head-kidney
and spleen leucocytes have a different E2-sensitive oxidative burst ca-
pacity, which is likely to be due to a different composition in immune
cell types. It is, therefore, assumed that E2 does not directly promote
inhibition of the oxidative burst capacity in the spleen of sea bass, but
rather indirectly by promoting regulatory T cell differentiation in vivo
[19].

In summary, this study confirms the complex immunomodulatory
function of E2 in teleosts, involving (1) different mechanisms of action
with distinct kinetics and endpoints, (2) a tight regulation of the leu-
cocyte redox biology as well as (3) a specific modulation of immune
cells from both primary and secondary lymphoid organs. Oestrogens,
therefore, regulate immune cell differentiation (i.e., immature T cell
fate) and function as they do in mammals. Overall, the findings
strengthen the idea of a conserved role of oestrogens in im-
munomodulation in all vertebrates.
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